To understand the generation and the nonlinear evolution of the electrostatic waves observed during the AMPTE (Active Magnetosphere Particle Tracer Explorers) solar wind releases, a detailed investigation is conducted. Previous linear studies have indicated that two distinct sets of instabilities may be responsible for the generation of these waves. One set consists of ion acoustic type instabilities which are insensitive to the presence of a background magnetic field, while the other group corresponds to the modified two-stream instabilities and requires the solar wind flow to be across the ambient magnetic field. In order to establish which set of instabilities are more viable for the generation of the observed electrostatic waves a detailed linear Vlasov theory has been conducted by numerically solving the full electromagnetic dispersion relation. In addition, both the plasma wave and the magnetic field measurements by the IRM (Ion Release Module) spacecraft were used to correlate the frequency and the power of the observed waves with the magnitude and the direction of the solar wind magnetic field. The results of these analyses indicate that the ion acoustic type instabilities have growth rates that are an order of magnitude or more larger than those of the modified two-stream instabilities. Similarly, the observations show no correlation between the magnitude and the direction of the ambient magnetic field on the one hand and the wave frequency and amplitude on the other hand, thus indicating that the ion acoustic type instabilities are the likely generation mechanism. In order to investigate the nonlinear evolution of these instabilities and discern their role in the coupling of the released ions to the solar wind, one-dimensional full particle as well as fluid electron electrostatic simulations have been performed. The results show that both the solar wind protons and the released ions can be heated and accelerated in the directions oblique to the solar wind flow velocity.
INTRODUCTION
One of the interesting and fundamental problems in the field of space plasma physics is the collisionless interaction between a flowing plasma and newly created ions due to ionization of neutral gases. This type of problem can be present under a variety of physical settings such as during the interaction between the solar wind and comets or interstellar helium gas. Similarly, there have been a number of active experiments in space in which understanding of the interaction between the background plasma and the newly ionized gases has been a primary concern. Among these are the experiments conducted during the AMPTE (Active Magnetospheric Particle Tracer Explorers) mission in which lithium or barium gasses were released in both the solar wind and the magnetosphere. One of the main objectives of these experiments was to trace the motion of the released ions and thereby learn more about the transport properties of the solar wind and the magnetosphere. Clearly, since both the released ions and the background plasma were collisionless, any interaction between the two must have taken place through the electormagnetic forces which were present in the medium prior to the release as well as those that were generated after the release owing to collective plasma processes. Thus in order to gain an understand- craft into the diamagnetic cavity formed by the lithium cloud. As this cloud passes the spacecraft, the magnetic field begins to rise at about 0725:15 UT, reaching values as high as 23 nT. This region of enhanced magnetic field corresponds to a pileup region upstream of the lithium cloud (for a more detailed description of the data, see Gurnett et al. r1986a-I and Liihr et al. [1986] ). The onset of intense electrostatic waves can be seen in the bottm panel at about 0725:30 UT, reaching peak power at 0725:35 UT. As has been shown by Gurnett et al. [1985 Gurnett et al. [ , 1986a and illustrated in more detail later in this paper, the spectrum of these waves peaks at frequencies be- [1986a, b-I it was suggested that the wave amplification takes place via an ion acoustic type instability due to the relative drift between the solar wind and the newly created ions. In these studies, growth rates of the waves with phase velocity along the solar wind flow were calculated and shown to be significant. These studies were later extended to obliquely propagating waves, showing that the growth rates of these waves are comparable to or larger than the parallel propagating waves [Brinca et al., 1986; Ma et al., 1987] . Specifically, it was shown by Ma et al. [1987] that two types of instabilities are possible. One is an instability due to the relative drift between the released ions and all the electrons, while the other is due to the streaming between the released ions and the solar wind protons. Both of these instabilities, however, are ion acoustic type in that the wave dispersion properties are similar to those of ion acoustic waves. In fact, using the nonmenclature used by Gary and Omidi [1987] , the first type of instability corresponds to the electron/ion acoustic, while the second one corresponds to the ion/ion acoustic instabilities. Of primary importance is the fact that these two instabilities are insensitive to the presence of a background magnetic field [Akimoto and Omidi, 1986; Gary and Omidi, 1987] .
In addition to the above set of instabilities, another set has also been suggested by Papadopoulos et al. [1987] to be responsible for the generation of the electrostatic waves. These types of instabilities arise when a relative drift between the electrons and ions or two ion species exists across a magnetic field. We will refer to these two instabilities in a collective way as the cross-field instabilities. In these instabilities, it is essential that the electrons be treated as being magnetized, while the ions may be considered unmagnetized. Because the magnetic field in a plasma plays an important role for these modes, the parameter fl (the ratio of kinetic to magnetic pressure) can greatly affect the growth rates of these waves. In fact, while these waves are adequately described by the electrostatic dispersion relation at low values of fl, electromagnetic effects become important as fl increases, until eventually an electromagnetic dispersion relation must be used to discern their properties such as growth rates.
Although, in general, it is possible for all of the above mentioned instabilities to be operative simultaneously, it is much more likely that one of them becomes dominant and thereby governs the nature of the wave-particle interactions during the nonlinear regime. Because our main objective is to discern the role of the observed waves on particle dynamics, it is essential that the likely instability responsible for the generation of these waves be identified. This is the aim of the next section, in which the growth rate calculations of Papadopoulos et al.
[1987] will be extended by allowing for finite values of fl and using the full electromagnetic dispersion relation. In addition, the plasma wave and the magnetic field measurements will be utilized to discern the role of the magnetic field magnitude and direction on the wave properties and thereby deduce the nature of the instability. As will be shown in the next section, the electron/ion acoustic and the ion/ion acoustic instabilities were more likely responsible for the generation of the electrostatic waves.
The nature of the instability having been determined in section 2, a detailed simulation study will be conducted in section 3 to discern the nonlinear evolution of the waves and thereby gain a better understanding of the wave-particle interactions during the AMPTE solar wind releases. The simulations consist of two parts, one in which the electrons and the ions are treated as particles with unrealistic mass ratios. The results of such a simulation study were briefly described by . simulation method is that realistic mass ratios are used, and thereby the observed plasma parameters can be utilized. A summary and discussion of the results will be presented in section 4.
LINEAR ANALYSIS

Theory
As mentioned earlier, one way in which the viability of the various proposed instabilities in generating the observed electrostatic noise can be tested is by comparing their linear growth rates. To do so, we use a plasma model similar to that given by Gurnett et al. [1986a] and those associated with the photoionization of the released gas, respectively; in the other case, only the solar wind electrons were present, allowing for the fact that the colder photoelectrons get replaced by the hotter solar wind electrons. In both cases, the electrons were assumed to have a drift speed such that the net current was zero. It should, however, be mentioned that growth rate calculations with finite current in the plasma were also performed showing no significant difference in the results [see Gurnett et al., 1986a] . Finally, in regard to the density ratio of the released ions to the solar wind protons, a wide range of values were considered because the observations show that the density ratio changes considerably with distance from the outer edge of the diamagnetic cavity. The results of linear theory have shown that the growth rates are maximum when the proton and the lithium (or barium) densities are equal, although the growth rates are appreciable over a wide range of density ratios (i.e., 10-2 to 102). Throughout this paper, we take the density ratio to be 1, noting that our conclusions are insensitive to the choice of this parameter.
Because It is evident from Figure 2 that in the absence of photoelectrons the ion/ion acoustic instability has a maximum growth rate which is larger than that of the electron/ion acoustic by an order of magnitude. Thus, in the absence of cold electrons the ion/ion acoustic instability is probably the dominant one. On the other hand, the growth rates of the two instabilities are comparable when both electron species are present. This effect comes about by virtue of the fact that the electron/ion acoustic waves grow owing to Landau resonance with the electrons whose distribution function attains a larger slope in the presence of the cold electrons. Similarly, the ion/ion-acoustic waves suffer a greater Landau damping owing to the increase in the slope of the electron distribution function. As was mentioned earlier, these two instabilities are insensitive to the presence of a background magnetic field, and thus one would not expect to see any correlation between the electrostatic waves observed during the AMPTE release and the magnetic fluctuations in the solar wind.
The other set of instabilities which have been proposed to explain the electrostatic noise are the cross-field instabilities [Papadopoulos et al., 1987] . These instabilities also arise owing to a drift either between the electrons and the ions or between two ion species. However, in either case, the drift must be oblique to the direction of the magnetic field with the growth rates becoming maximum when the drift is perpendicular. To help better visualize the geometry of these instabilities, we show in A point that should be mentioned in connection with Figure 5b is that the growth rates at fie = 0.1 are larger than those at fie = 0.5 and, in turn, those growth rates are larger than the ones at fie = 0.01. This effect is due to the fact that in Figure 5b , ß is kept fixed, while fie has changed. However, as can be seen in Figure 4 , the value of • at which •max peaks varies with fie' In short, contrary to what might appear in Figure 5b , the maximum growth rates of both of the instabilities decrease with increasing fieThus far the general behavior of the two cross-field instabilities has been investigated for various values of fie' In order to determine the viability of these instabilities in generating the observed electrostatic noise, it is best to look at the real and the imaginary parts of the frequency as a function of K for a representative value of fie. Using the plasma parameters given earlier (n e = 16 cm -3, T e = 5 x l0 s øK) and a magnetic field strength of 23 nT (see Figure 1) , we obtain the value of fie 0.5. Note that this value is probably a minimum in that the magnetic field strength used in its computation is the maximum observed value. Using this value of fie, the real (Or) and the imaginary (7) parts of the frequency have been calculated 
Observations
In addition to linear theory, the measurements by the plasma wave instrument and the magnetometer can also be utilized to assess the plausibility of each set of instabilities having resulted in the generation of the electrostatic waves. This can be done by noting that while the ion acoustic type instabilities are insensitive to the presence of an ambient magnetic field, the cross-field instabilities result in wave frequencies and growth rates which are sensitive to both the magnitude and the direction of the magnetic field. Specifically, one would expect the wave frequencies of the cross-field instabilities to increase with the ambient magnetic field strength, and also the wave power to rise (fall) as the magnetic field direction becomes more (less) oblique to the solar wind flow direction. Note also that one would not expect the cross-field instabilities to be operative when the solar wind flow is parallel or quasi-parallel to the magnetic field. The September 11 release is particularly suitable for conducting this test in that both the magnitude and the direction of the magnetic field changed considerably during the period when the electrostatic waves were observed In short, both theoretical investigations and observational evidence indicate that the electrostatic waves observed during the AMPTE solar wind releases were generated by the ion acoustic type instabilities.
NONLINEAR ANALYSIS
3.1.
General Remarks Thus far we have considered two sets of instabilities with the main distinction between the two being that one set requires the presence of a background magnetic field, while the other can exist in an unmagnetized plasma. Having shown that the ion acoustic type instabilities are the dominant modes, we will devote the remainder of this paper to the nonlinear evolution of the waves. A point to note is that while the electron/ion acoustic and the ion/ion acoustic instabilities result in plasma waves with similar dispersive properties (i.e., acousticlike), it is nonetheless essential that these two instabilities be distinguished when considering their nonlinear evolution. This is because the source of free energy and therefore the saturation mechanism of each instability is different. Specifically, the electron/ion acoustic waves grow owing to As can be seen in Figure 2 , when both the cold photoelectrons and the hot solar wind electrons are present, the maximum growth rates of the electron/ion acoustic and the ion/ion acoustic waves are comparable. Thus it is conceivable that both modes may grow, with the electron/ion waves heating the cold electrons and the ion/ion waves interacting mainly with the two ion populations. On the other hand, when no cold electrons are present, the ion/ion mode becomes dominant. Although the effect of waves on the electrons is interesting, our main goal is to see how the newly born ions are affected by the waves, that is to say, how the observed waves could have resulted in coupling between the solar wind protons and the lithium or barium ions. Thus we need only be concerned with the ion/ion mode and investigate its nonlinear evolution. To this end, one-dimensional electrostatic particle simulations have been performed, the results of which are presented here. These results correspond to two classes of simulations; one, in which the electrons and the ions are treated as particles with the disadvantage of an unrealistic mass ratio between the electrons and the ions, and another, using a simulation code, in which the electrons are approximated by a Boltzman fluid. This code has the advantage that the electron to ion mass ratio is realistic and therefore the observed plasma parameters can be used in the simulations.
Full Particle Simulations
The full particle simulation model consists of a onedimensional periodic box in the direction of the K vector (e.g., the x axis in Figure 3 when (I)= 90ø) . Note that the K vector nett et al. [1986a, b] and are used in the simulation run. As can be seen, the growth rates peak at mode 4, and thus one would expect this mode to be dominant in the simulation. Note, however, that the growth rates of modes 3 and 5 are also appreciable and thus these modes may also show up in the simulations. Figure 14a shows the electric field of the waves as a function of x at t = 60C0pi-x during the simulation.
It is evident from this panel that the wave amplitude varies with x or, in other words, is being modulated. To determine which modes have been excited, a Fourier analysis of the electric field squared has been performed and is shown in Figure  14b . As can be seen, the peak in the spectrum corresponds to mode 4 with modes 3 and 5 having the second and the third largest power, respectively. This result is in good agreement with the linear theory. Note that although the growth rates of modes 3 and 5 are comparable, one would still expect mode 3 to have larger power because the initial noise level in the system drops with increasing K. Figure 15 shows the phase space density plot of the protons at three separate times. It is evident in Figure 15a 
Summary
In this paper the nature and the nonlinear evolution of the electrostatic waves observed during the AMPTE solar wind releases was investigated. By using the full electromagnetic dispersion relation the properties of the modified two-stream and the ion/ion lower hybrid instabilities were studied, and their growth rates were calculated for the plasma parameters representative of those during the AMPTE releases. It was shown that these growth rates are an order of magnitude or more smaller than those of the electron/ion acoustic and the ion/ion acoustic instabilities. Similarly, the frequencies of the cross-field modes were shown to be much smaller than the frequencies at which wave power is observed to peak. This is in contrast to the ion acoustic waves whose maximum growth rates occur at frequencies where the observed noise has maximum power. By using the magnitude and the direction of the ambient magnetic field measured during the September 11, lithium release and also the wave electric field spectrums it was shown that neither the frequency nor the intensity of the observed waves correlates in any clear manner with the changes in the magnetic field. Since one would expect such a correlation to exist had the waves been generated by the crossfield instabilities, it was clear that the observations do not support the suggestion by Papadopoulos et al.
•1987] that the electrostatic waves were generated by the cross-field instabilities. In view of both theoretical and observational evidence it was concluded that the electrostatic waves associated with the AMPTE solar wind releases were generated by the ion acoustic type instabilities. Because among the two ion/acoustic type instabilities the ion/ion mode can lead to heating and acceleration of the ions, the nonlinear evolution of this instability was investigated via numerical simulations. By using a full particle electrostatic code it was illustrated that the saturation mechanism of the ion/ion acoustic instability is ion trapping, while the electrons behave as a charge-neutralizing fluid. Because of this characteristic of the ion/ion instability it was possible to conduct a simulation study in which the electrons were treated as a Boltzman fluid, thus allowing for realistic plasma parameters to be used. The results of this simulation study confirmed the conclusions reached by the full particle code that the saturation mechanism of the ion/ion mode is ion trapping and that this process could take place using realistic parameters. In spite of these similarities, however, differences between the two simulation studies also exist. A major difference is that unlike the full particle simulations, in which both the protons and the lithium ions became trapped, in the Boltzman electron simulations, only the protons became trapped. This contrast was attributed to the fact that in the former case the proton drift speed was much larger than the wave phase speed, indicating that the protons would first have to be decelerated and then trapped, thereby increasing their effective trapping period. This increase in the trapping period of the protons then made it possible for both of the ion species to interact strongly with the waves. On the other hand, during the fluid electron simulations the phase velocity of the unstable waves fell within the proton distribution function, resulting in their more rapid trapping. A point to note is that although the calculations presented here correspond to lithium ions, our conclusions are valid for both the barium and lithium releases.
This can be seen by the fact that for a given set of plasma parameters the maximum growth rate of the ion/ion acoustic instability scales as (rap/too) TM [see Gary and Omidi, 1987] , while that of the ion/ion lower hybrid scales as (m•,/mb) •/3 [Papadopoulos et al., 1987] , where m•,/mb is the ratio of the proton to the released ions mass. Thus, as the mass of the released ions increases, the growth rates of the ion/ion lower hybrid instability drop faster, as compared to those of the ion/ion-acoustic waves. Similarly, the wave spectrum in both types of release has a peak at frequencies close to the ion acoustic frequencies. As for the simulation, from the fact that when realistic plasma parameters are used, lithium ions do not suffer trapping, it is an obvious conclusion that the much heavier barium ions will also not suffer trapping during waveparticle interactions.
Discussion
The results presented here clearly show that the ion/ion acoustic instability can result in transfer of energy and momentum from ions of a flowing plasma to the newly created ions. A question that arises then is how effective this mechanism can be as compared to the other modes that may also be generated owing to the collective plasma processes. Obviously the answer may to some extent depend on the situation under investigation. For example, it was suggested by Winske et al. [1984, 1985] 
